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Overview

Timeline
Start: 2018

Finish: 2020
Completed: 40 %

Budget

Total project funding
— DOE share: $ 900 K
— Contractor O

FY 18: $ 300 K
FY 19: $ 300 K
FY 20: $300 K

Barriers
= Barriers addressed
— Low Conductivity
— High interfacial impedance
— Dendrite growth

Partners

Interactions/ collaborations
* V. Srinivasan, ANL

e Z.Chen, ANL

e B. Narayanan, U of Louisville
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Project Objectives and Relevance

In order to improve the safety of present day lithium ion
batteries, replacement of liquid electrolytes with their solid
state counterparts is a necessity.

Multi-scale modelling efforts have been adopted to obtain an
in-depth understanding of the interaction between the
electrode and the solid electrolyte aimed at developing highly
efficient solid state electrolytes batteries.

Properties estimated from DFT calculations feed into the
mesoscale models, that analyze overall stability of solid
electrolytes against cathodes and anodes.

Solid state electrolytes with lithium metal anode has the
potential to substantially increase the energy density of
present day lithium ion batteries.
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FY19 Milestones

Month/ Milestones
Year
Adoption of LLZO grain and grain-boundary elastic and transport
properties and LLZO/Li interfacial properties from DFT to continuum
Dec/18 ) ) ) . .
based mesoscale simulations, and comparison with experimental
results. Q1 (Completed)
Ab initio molecular dynamics and interfacial formation/binding energy
Mar/19 | calculations of the interface structure of the LLZO solid electrolyte and
NMC 622 cathode material . Q2 (Completed)
Calculations of Li, Ni, Co, Mn migration barriers at interface
Jun/19 | LLZO/NMC cathode material and estimation of exchange current
density between NMC/LLZO. Q3 (Initiated)
Sep/19 Continuum level mesoscale calculations at LLZO/NMC cathode

materials. Q4 (Initiated)




&
Strategy: A multiscale approach has been adopted, where transport and elastic properties
of lithium and solid state electrolytes have been estimated at the nanoscale using DFT
calculations, and then the properties have been transferred to the continuum scale model
where the mesoscale electrode electrolyte behavior have been analyzed.

Multi-Scale Modeling methods
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Computational methods

Partial differential equations:
_ 4 Momentum balance for A
Time mechanical equilibrium
1s T *Fick’s law for mass transport
*Poisson equation for charge
transport

FEM,FVM

Continuum Mechanicy
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Multi-Scale Modeling in Materials Science
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&
Summary of the computational procedures

« Temperature-based materials simulations.

~

Zero Kelvin geometry optimization

L o

* Molecular dynamic and Monte-Carlo at l
operation T.

rNF'T MD heating to target temperaturew
(700 to 1100 K) at 1 K/ps

e LAMMPS code N l
« Elastic and transport properties estimated NPT MD equilibration at target
temperature for 3 ns

from the DFT and MD calculations have been

imported into the mesoscale simulations, l'

where continuum equations were solved using [ NVT MD equilibration at target ]
these parameters to estimate the interfacial temperature for 3 ns
stability between solid state electrolyte and
anodes and/or cathodes. System ~ 1.9 M

atoms
* F_or mes_oscale a_nalySiS’ all the partia_ll Calculate mean squared displacement
differential equations were solved using a set (MSD) with NVT MD at target
of codes developed at ANL using MATLAB temperature
solver libraries. y
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Technical Accomplishments

. Estimation of transport properties in LLZO

» Using DFT, MC and MD simulations, lithium ion conductivity in
the bulk and grain-boundary of LLZO has been estimated.

» Exchange current density between the LLZO and Li has also
been estimated.

[I. Estimation of elastic modulus for LLZO

» Young’s modulus in the bulk and grain-boundary of LLZO has
been predicted by a combination of MD and DFT techniques.

»  Fracture energy of bulk LLZO has also been estimated.
lIl. Incorporation with mesoscale models

» The transport and elastic properties obtained from the atomistic
simulations have been incorporated into the continuum level
mesoscale model, where qualitative correlation with
experimental results have been obtained regarding critical
current density.
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Objectives of solid state electrolyte multi-
scale modeling

Overall objectives :
» Develop atomistically-informed microscale models capable of
successfully capturing the multi-scale multi-physics phenomena i
that occurs during Li-metal deposition processes. Initial focus:
» Devise strategies to minimize the impact of degradation Electrolyte Li;La;Zr,0,, (LLZO)
mechanisms and enhance the performance and lifetime of
next-generation Li-ion batteries.

Atomistic level objectives

» Use atomistic level calculations to obtain parameters needed
for accurate mesoscale modeling of grain-interior, grain-
boundary, and electrode-electrolyte interfaces

» Investigate degradation mechanisms at the atomistic level to
contribute to strategy for minimizing impact on performance

10
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Electrolyte Li,La;Zr,0,, (LLZO)
Depending on synthesis temperatures

Tetragonal phase :
C ~10%S/cm

 Wide working potential, good compatibility with
cathode and anode.

* Formation of lithium dendrite along grain boundary,
difficult to manufacture, potential stress across the
electrode/electrolyte interface

* Anode: mostly Li, although it can be graphite and Si
e (Cathode: LiFePO4, LiMn204, LiCo02, NMC

Cubic phase :
C~103S/cm. T~25°C

K. Kerman et. al. Journal of The Electrochemical Society, 164 (7) A1731-A1744 (2017)
T. Thompson et. al. ACS Energy Lett., 2017, 2 (2), pp 462-468 11
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DFT Analysis: LLZO Surface calculations

e Plane Wave Projector Augmented-Wave (PAW)
Density Functional Theory (DFT) methods

* VASP code Spin polarized calculations.

* Generalized Gradient Approximation. Exchange
correlation is described by Perdew-Burke-Ernzerhof
(PBE) functional.

e 7 surfaces, modeled through stoichiometric slabs I

with 4 different terminations (28 calculations).

e Supercell : 192 atoms

L

LaOy
LiO, (Lil, 24d)
LiO¢ (Li2, 96h)

Cuhic—Li-;l.a;Zr;Du 1 2



Which LLZO surface i1s the most stable ?
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LLZO-LI interfaces

Ab initio MD spin polarized calculations
Using VASP code at T =300k for 20ps

—)

Li (100) /LLZO (100) with Li termination

(4
* Exchange current density is defined as: Iy = Fkref . (CLi+)
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Li (100)/LLZO (100) Interface : Li migration barrier
at interface

Spin polarized cNEB calculations
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Li migration in discharged state (LLZO to Li anode).

Migration barrier : 0.65 eV .
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MD Analysis: LLZO grain boundaries

Properties input for
continuum modeling studies:

sbarriers for lithium migration at the
interface.

*Li ion concentration at GB
sexchange current density
eionic conductivity
*Young's modulus

e Fractures

Only Zr atoms

16



Calculated Li-ion diffusivity D for GB and Bulk

>3(112) GBs
D(T) = DO eXp(—Ea/]CBT)
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Exchange current between GB and B
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Bulk’

Young's Modulus

GB
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The X, y components of the Young's Modulus obtained from our model.
(a) and (b) are for the bulk region while (c) and (d) are for GB regions of

the >,(112) grain boundary.
A linear fit gave an average value of Young's Modulus E= 143 GPa for bulk

LLZO and E =121 GPa for the X;(112) grain boundary. (exp. data 149 GPa),
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Fracture threshold energy Our simulations for X3(112) GBs
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Mesoscale analysis: Conductivity of solid state electrolyte

L|th|um diffusivity in LLZO w.r.t temperature

O Bulk ANL) : —
[] GB: £3 (ANL) Lower magnitude of conductivity can be
51 O gtgf‘g"(gfr‘fgg) ol attributed to the absence of dopants within
' 2 the LLZO lattice structure.

Solid: ANL

+ 2
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Current focusing at bulk and grainFoun ary

Schematic of ceramic processes
for fabrication of LLZO SSE

Grain Boundary

(Cheng et al., ACS Appl. Mater. Interfaces 2015, 7, 2073 - 2081)
Properties extracted from atomistic calculations:

Young's modulus: Y. . ~143GPa Y., ~121GPa
Conductivity: &, ~1.135x10° $/m ~% ~0.4155

K

Current focusing at grain-boundary because:

Higher reference exchange current density

Lower elastic modulus of the grain-boundary region
Similar current focusing at the grain boundaries
have been observed by Cheng et al
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CM calculations
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Comparison with experimental results: (-,M zVenEat

Srinivasan’s group) with input from atomistic DFT+MD+MC

Experimental Results (Sharafi et al., J.
Mater. Chem. A 2017 5 21491 — 21504)
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How to minimize current focusing at the grain

boundary regions
Solid State Electrolyte

Grain Size
~10 nm

Grain Size
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Solid state electrolytes with very small grain size, or amorphous materials,
may be able to prevent dendrite growth.
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Response to last year reviewer’s comments

No comments from last year.

o\_=i
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Proposed Future Work

Estimation of lithium transport barrier at the LLZO/NMC interface:
— Impact of vacancy within NMC and LLZO structure will be studied
— Effective exchange current density will be estimated at LLZO/NMC
interface
— Interfacial formation/Binding energy between the LLZO and NMC
cathode will be calculated
Estimation of the barrier for Ni, Mn and Co transport between LLZO
electrolyte and NMC cathode materials
— Estimate the propensity of transition metal migration between
cathode and solid state electrolyte.
Incorporate the parameters estimated from atomistic calculations into
the continuum level mesoscale model
— Predict the effect of grain boundary resistance on the overall voltage-
capacity performance

— Estimate the impact of LLZO/NMC delamination and inter-granular
fracture on the overall impedance behavior. 26
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.
Collaborations with other institutions and companies

e V. Srinivasan, P. Barai, ANL

» Development of continuum based mesoscale models for running
simulations using the parameters obtained from atomistic analysis.

e Z.Chen, ANL
« Experimental characterization of electrode-electrolyte interface

e B. Narayanan, U of Louisville

» Discussions regarding the atomistic analysis conducted at ANL to
estimate elastic and transport properties of LLZO.

27



summary

Atomistic level calculations were used to obtain parameters, DFT, ab initio MD,
atomistic MD and MC needed for accurate mesoscale modeling of grain-interior,
grain-boundary, and LLZO/Li anode interfaces .

Interfacial and mechanical degradation mechanisms were investigated at the
atomistic level to develop a strategy for minimizing impact on performance

The following results were obtained about current focusing that occurs at the
grain boundary and can reduces cell performance

Higher current at the grain boundaries leads to enhanced lithium deposition, and
formation of dendritic nuclei.

Due to the inherent brittleness of the solid electrolytes, these dendritic protrusions can
crack the LLZO and propagate through the bulk of the solid electrolyte to the other
electrodes and short the cell, which effectively limits its lifetime.

Larger grains were studied to determine whether they can help mitigate dendrite
growth

Adoption of very large grains leads to minimization of grain boundaries, but
dislocations and defects (voids) trapped inside the grains leads to heterogeneity in
current distribution, which may lead to current focusing and formation of lithium nuclei.
Similarly, the presence of defects in lithium metal may also lead to generation of
dendritic protrusions.

Hence, best way to prevent dendrite growth may be to approach zero grain size, or

amorphous materials.
28
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